Nearly simultaneous measurements of auroral zone electric fields are obtained by the Dynamics Explorer spacecraft at altitudes below 900 km and above 4500 km during magnetic conjunctions. The measured electric fields are usually nearly perpendicular to the magnetic field lines. The north-south meridional electric fields are "projected" to a common altitude by a mapping function which accounts for the convergence of the magnetic field lines. When plotted as a function of invariant latitude, graphs of the projected electric fields measured by both DE 1 and DE 2 show that the large-scale electric field is the same at both altitudes, as expected. Superimposed on the large-scale fields, however, are small-scale features with wavelengths of less than 100 km which are larger in magnitude at the higher altitude. Fourier transforms of the electric fields show that the magnitudes depend on wavelength. Outside of the auroral zone the electric field spectrums are nearly identical. But within the auroral zone the high-and low-altitude electric fields have a ratio which increases with the reciprocal of the wavelength. The small-scale electric field variations are associated with field-aligned currents. These currents are measured with both a plasma instrument and magnetometer on DE 1. A Fourier transform of the east-west magnetic field component measured on the high-altitude satellite is found to be nearly identical to the Fourier transform of the north-south electric field measured on the low-altitude satellite, with a constant ratio. This ratio is proportional to the ionospheric conductivity. The experimental measurements are found to agree with a steady state theory which postulates that there are parallel potential drops associated with the variations in the perpendicular electric fields. It is assumed that there is a linear relationship between the field-aligned current and the total parallel potential drop and that the fieldaligned currents close through Pedersen currents in the ionosphere. The theory predicts that the ratio between the low-and high-altitude electric fields varies with the wavelength. Below a "critical" wavelength the electric field is not effectively transmitted to low altitudes. Owing to the good agreement between the theory and observations, it is concluded that the linear relationship between the current density and potential drop is a valid approximation.
INTRODUCTION
Electric fields in the auroral zone have been the subject of numerous theoretical and experimental investigations for more than 2 decades. From a phenomenological point of view, the objective of this work has been to reach an understanding of what causes the aurora. On the physical level this reduces to determining the electrodynamical processes associated with field-aligned currents and particle precipitation.
The two Dynamics Explorer (DE) spacecraft were launched in August of 1981 for the purpose of investigating the auroral phenomena and other processes in the earth's magnetosphere and ionosphere. DE 1 makes measurements primarily in the magnetosphere; the orbit is highly elliptical, with perigee at 675-km altitude (1.106 Re) and apogee at 23,250 km (4.65 Re). DE 2 orbits in the upper ionosphere at altitudes of 305 to 1000 km. The spacecraft are in coplanar polar orbits, so at times of magnetic conjunctions between the two spacecraft it is possible to obtain simultaneous measurements of fields and particles at different altitudes on a magnetic field line.
The purpose of this paper is to present the results of a study
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Paper number 4A8447. 0148-0227/85/004A-8447505.00 of quasi-static electric fields in the auroral zone. Data from both DE spacecraft are used, from orbits in which there was a magnetic conjunction between 50 ø and 80 ø invariant latitude.
PREVIOUS RESULTS
There have been high expectations that the Dynamics Explorer program would help to answer many of the unresolved questions about auroral processes. One of the primary unresolved problems of auroral physics is the relationship between field-aligned currents and electric fields. In a space plasma the magnetic field lines are generally considered to be perfect conductors and thus have the same electric potential at all points along their length. There should be no potential drops parallel to the field lines, and electric fields perpendicular to the field lines should vary inversely with the distance separating neighboring magnetic field lines. On the basis of rocket and satellite measurements of charged particles which had been accelerated along the field lines, it has long been known that parallel electric fields must somehow exist in the auroral zone [Stern, 1983] . Without these electric fields, auroral arcs could not be produced.
Theoretical models of auroral zone electric fields and electrostatic potentials have been discussed in numerous papers. Among the more recent papers are those by Lyons [1980 Lyons [ , 1981 , Chiu and Cornwall [1980] , and Chiu et al. [1981] . The main emphasis of these papers is the relationship between field-aligned currents and parallel potential drops. The fieldaligned current is due to an enlargement of the "loss cone" due to a parallel potential drop in a region above the point where the particles normally are reflected by the "mirror force." From an equation given by Knight [1973] , Lyons [1980] shows that, with some restrictions, there is an approximately linear relationship between the current and the parallel potential difference. The field line conductance is shown to depend on the electron density and the thermal energy. An isotropic Maxwellian electron distribution is assumed, although Chiu et al. [1981] show that the "kinetic Ohm's law" holds for an arbitrary electron distribution function. In the papers by Lyons and Chiu et al., it is shown that the regions with a parallel potential drop should have a natural perpendicular scale length of about 100 km. The value of this scale length is determined by the conductances of both the ionosphere and the magnetic field lines.
Parallel electric fields distributed along a field line for thousands of kilometers cannot be measured directly by one satellite, although they have been inferred from a statistical study. used the electric fields measured by one satellite at different altitudes over a long period of time to show that the average electric field is larger at higher altitudes.
The large-scale perpendicular electric fields measured on low-altitude satellites are found to correlate well with orthogonal magnetic field measurements I-Smiddy et al., 1980; Burke et al., 1982; Sugiura et al., 1982; Sugiura, 1984] . This correlation requires a steady state situation in which there are no field-aligned potential drops and that field-aligned currents close in the ionosphere by Pedersen currents rather than Hall currents. The ratio between E and AB is then determined by the height-integrated Pedersen conductivity.
On a much smaller spatial scale (a few tens of kilometers), very large electric fields with amplitudes up to 1 V/m have been measured with the S3-3 satellite [Mozer et al., 1977] . These large fields often have the structure of oppositely directed perpendicular fields. Parallel electric fields are reported to be found within these structures, which are interpreted as being due to stationary double layers or "electrostatic shocks." Numerous subsequent reports of the S3-3 electric field data and their interpretation are summarized by Mozer et al. [1980] . Rich et al. [1981] have studied the electric fields measured by both S3-3 and S3-2 at magnetic conjunctions. They show that "shocks" which were detected by the S3-3 satellite were very rarely detected by the S3-2 satellite at a lower altitude, thus indicating the presence of a parallel potential drop between the two spacecraft. These observations were presented without a quantitative explanation. Additional reviews of the nature of the large electric fields in the auroral zone are presented by Stern [1981 Stern [ , 1983 and Shawhan et al. [1978] . Candidate mechanisms for the generation of parallel electric fields include anomalous resistivity, thermoelectric effect, magnetic mirror effect, and double layers (shocks). A comparison of magnetic field (current) data and electric field data may be important in deciding which theory or combination of theories are correct. The S3-3 satellite lacked the capability to determine the magnetic field or current structure on the same size scale as the "electrostatic shocks" which were detected, so a comparison between E and B was not possible. [1983] . The common feature of these theories is the coupling of the magnetosphere and ionosphere with Alfv6n waves propagating along auroral field lines.
In the latter three papers the effects of "microscopic turbulence" on the wave propagation are discussed. The introduction of turbulence causes a static parallel electric field to be generated. The turbulence would explain the time evolution of the stationary model proposed by Mozer et can be accomplished. In order to succeed, the measurement techniques, the subtraction of V x B, the projection formula, and the orbit data must be correct. The electric fields seen in this example are mainly due to the double-cell plasma convection pattern which is often seen over the polar cap [Cauffman and Gurnett, 1972] . On this day the convection velocity was unusually large. A convection reversal occurs at 69 ø Inv. Field-aligned currents are presumed to exist at the points where the fields measured by DE 1 and DE 2 deviate from each other. In this example, DE 1 was near perigee; the most useful comparisons are found when DE 1 is at higher altitudes, in which case the number of data points per degree of invariant latitude may match or exceed the resolution of DE 9 The drawback is that there will be greater time differences, since DE 1 may move through a 15 ø span of invariant latitude in 40 min while DE 2 will take just 5 min.
A comparison of the projected electric fields with DE 1 at an altitude of 8000 to 10,000 km is shown in Figure 3 . The DE 1 data are from part of the same orbit which was shown in Figure 1 . Although there are differences in the magnetic local time ranging from 0.4 to 0.6 hour and a 12-to 22-min time difference between the passage of the spacecraft through this region, there are similar features in both curves. However, it is evident that most of the variations with a small spatial length have a much larger magnitude at the higher-altitude spacecraft. As a general trend observed on many similar graphs of projected electric fields, the small-scale variations are superimposed upon a large-scale electric field pattern which is very much alike at the two different spacecraft altitudes.
We emphasize here that throughout this paper it is assumed that the measured electric field variations are due to the motion of the spacecraft through relatively stationary spatial structures. The plots of the projected electric fields suggest that the relationship between the high-and low-altitude electric fields is a function which depends on the size or wavelength of the spatial structures. In order to compare the magnitude of the electric fields as a function of spatial wavelength, the data are processed with a discrete Fourier transform (FFT) (a Cooley-Tukey FFT algorithm is employed). The data are transformed for a common span of invariant latitude. As the electric field data are sampled at discrete time intervals, the FFT yields a power spectrum which is sampled at discrete frequencies. As the time interval required for the spacecraft to transverse the specified range of invariant latitude is known, the frequencies can be converted to wavelengths. In comparing the electric field spectrums at different altitudes, it is convenient to use the reciprocal of the wavelength projected to the base of the field line at 1 R•. Figure 4 is the result of Fourier transforming the data shown in Figure 3 for the section of invariant latitude ranging from 62 ø to 67 ø, where most of the high-altitude electric field variations are found. (Note that the spectrums show electric field magnitudes rather than the more conventional spectral densities.) Using the same convention as in the projected field plot, the solid line represents the DE 1 spectrum, and the dashed line shows the DE 2 spectrum. The Fourier transform was performed on the mapped values of the electric field. At the lowest wave numbers (very large wavelengths) the electric field magnitudes agree very well. But at wavelengths less than 150 km the electric fields are larger at the higher altitude (solid line) than at the lower altitude (dashed line). Therefore the smaller-scale structures do not "map" along the field lines. This is a feature common to many of the electric field spectrums in the auroral zone.
The differences between the high-and low-altitude electric field spectrums are most pronounced when there is a large flux of electron energy into the ionosphere, so that the heightintegrated Pedersen ionospheric conductivity is high. For this particular case, the electron data from the high-altitude plasma instrument are shown in Figure 5 . An enhanced energy flux is evident from 0342 to 0352 UT. At the top of the graph are the ionospheric conductivities which are estimated on the basis of the flux of the electrons going down to the ionosphere [Reiff, 1984] . Rapid variations in the parallel velocity and current density are also indicated.
More accurate measurements of the field-aligned current density are obtained from measurements of the magnetic field; The Pedersen conductivity calculated from the DE 1 magnetometer spectrum and the DE 2 electric field spectrum is 6 mhos. This is a reasonable value but less than that predicted by HAPI data in Figure 5 .
Another case for study is introduced in Figure 8 (day 303,  1981 ). The range of invariant latitude for which the data are shown is much wider than in the previous example. As before, there are similarities in the underlying features, but the DE 1 data show many large-amplitude variations of narrow width. The spectrum for 65 ø to 70 ø invariant latitude is shown in Figure 9 . Again, there is good correlation at large wavelengths and a dramatic divergence in the magnitudes as the wavelength decreases.
Simultaneous data from the HAPI and magnetometer for day 303 of 1981 are shown in Figures 10 and 11 . The spectrum of the magnetic field for 65 ø to 70 ø Inv is in Figure 12 . The results are nearly the same as in the previous case. In the region where the most variations are found in the highaltitude electric field, there is an enhanced electron energy flux. The current density is variable, though predominately upward. The spectrum of the east-west magnetic field at the high altitude is nearly identical to (by a constant factor) the spectrum of the electric field at the low altitude. With an adjustment factor of 0.87 (from (4)), the Pedersen conductivity calculated from the ratio of B to E is 11 mhos. This agrees well with the HAPI data in Figure 10 .
A pitch angle spectrogram from the energetic ion composition spectrometer in Figure 13 indicates that during this pass through the auroral zone there were ion beams coming up the field line from the ionosphere, some with energies over 1 keV. This implies a parallel electric field between the ionosphere and DE 1. The ion beams are seen between 1323 and 1337 UT at the 90 ø spin phase angle. During the time at which these data were obtained, the time resolution of the EICS is 96 s, so it is difficult to correlate any particular feature in the electric field data with any peaks in the ion beams.
In Figure 8 it is seen that the two DE spacecraft measure nearly identical electric fields after leaving the auroral zone. The spectrums in Figure 14 show that the electric field spectral density has a power law behavior, with E2~ k -x'8.
Nearly the same power law was measured outside of the auroral zone by Kintner [1976] for plasma turbulence occurring in the frequency range of 1 to 100 Hz; Kintner must have been measuring the continuation of the spectrum in Figure 14 In a previously published study by it was concluded that there exists a large-scale parallel potential, about 3 ø wide, centered around 69 ø or 70 ø invariant latitude. This conclusion was based on the average electric field measured by the S3-3 satellite at different altitudes.
By inclusion of the large-magnitude "spikes" in the averaging process, the high-altitude data naturally had a higher average magnitude. In contrast, by using a Fourier transform to determine the electric field magnitudes as a function of wavelength, the summary of the Dynamics Explorer data in Figure 15 shows that there is not a wide scale parallel potential drop. Instead, an average of the electric field measurements between 65 ø and 70 ø (Figure 16) indicates that the ratio of electric fields at low and high altitudes has a wavelength dependence.
In the individual cases examined here, where it is known that significant field-aligned currents were present, there is seen to be a much more distinct wavelength dependence in the ratio between the low-and high-altitude electric fields. There is a sharp break in the ratio, occurring at wavelengths of 90-200 km. This agrees with the "scale lengths" of discrete 
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The equation which we are most interested in is (24), which indicates that an electric field with an infinite wavelength (k = 0) has the same magnitude at high and low altitudes. As the wavelength decreases (k increases), the ratio of the ionospheric electric field to (he high-altitude field decreases. At values of k above ko the ratio falls off as 1/k 2. This prediction can be tested with the experimental data. One difficulty arises owing to the fact that the discrete spectrums computed with the FFT appear to "zig-zag" around the actual values, which should (more or less) follow a smooth curve. A sliding average can be used to smooth the spectrums. The agreement between the electric field data and (24) indicates that the Ohms law approximation is valid. One assumption upon which (10) is based is that Vii must be the total potential drop along the magnetic field line from the ionosphere to the magnetic equator. In order for the observations to match the theory, DE 1 must be above the region where the total potential drop is located; i.e., potential drops above the high-altitude satellite must be small. In order to quantify the differences in the electric fields, the data are Fourier analyzed. This analysis shows how the electric field magnitudes depend on wavelength.
Outside of the auroral zone the high-and low-altitude electric fields show nearly identical power laws. The spectral index is found to be nearly the same as had been measured by Kintner [1976] at much higher frequencies. The power law is presumed to be due to plasma turbulence, with energy cascading from small to large wave numbers. The source of the energy at the smallest wave number is believed to be the polar cap plasma convection which is driven by the solar wind. tivity is constant in the north-south (x) direction; (4) the fields do not vary significantly in the east-west (y) direction; (5) there is a linear relationship between the magnetic-field-aligned current density and the total field-aligned voltage drop. It is useful to discuss briefly the validity of these assumptions. The definition•of a "magnetic conjunction" has been applied rather loosely in this work. The two spacecraft, which are moving at different velocities, can be at a true conjunction only for a brief instant in time. However, for this study the most important requirement is that the two spacecraft fly through the same part of the aurora while conditions are similar. In most cases the time differences are a small fraction of an hour, which helps eliminate major temporal effects. In the specific cases studied here the measurements of the magnetic field on the high-altitude satellite build confidence that the electric field comparisons between the two satellites are valid, despite the small differences in both time and magnetic longitude.
A steady state situation has been assumed in both the data analysis and theoretical models. It is also well known that With the assumption that there are little variations in the east-west direction, the analysis is reduced to two dimensions. This implies that the field-aligned currents are in the form of infinite sheets. Ground observations of auroral arcs and spacecraft measurements of magnetic fields indicate that this is usually a good approximation. Also, there would not be a good correlation between the north-south electric field and eastwest magnetic field if this were not the case. The lack of variability in the east-west direction may be explained by conservation of the second adiabatic invariant. The plasma in the earth's magnetic field is inhibited in moving across "shells" of constant invariant latitude but may drift freely (and equalize parameters) in the east-west direction. The linear relationship between the current and the potential is the most important assumption in the comparison between theory and experiment. In considering that in this type of experimental work all parameters cannot be carefully controlled, the results show an excellent agreement between measurements and theory. It can be concluded that the Ohms law approximation is valid.
